Sulfoacetaldehyde reductase (IsfD) is a member of the short-chain dehydrogenase/reductase (SDR) family, involved in nitrogen assimilation from aminoethylsulfonate (taurine) in certain environmental and human commensal bacteria. IsfD catalyzes the reversible NADPH-dependent reduction of sulfoacetaladehyde, which is generated by transamination of taurine, forming hydroxyethylsulfonate (isethionate) as a waste product. In this study, the crystal structure of Klebsiella oxytoca IsfD in a ternary complex with NADPH and isethionate, was solved at 2.8 Å, revealing residues important for substrate binding. IsfD forms a homotetramer in both crystal and solution states, with the C-terminal tail of each subunit interacting with the C-terminal tail of the diagonally opposite subunit, forming an anti-parallel β sheet that constitutes part of the substrate binding site. The sulfonate group of isethionate is stabilized by a hydrogen bond network formed by the residues Y148, R195, Q244 and a water molecule. In addition, F249 from the diagonal subunit restrains the conformation of Y148 to further stabilize the orientation of the sulfonate group. Mutation of any of these four residues into alanine resulted in a complete loss of catalytic activity for isethionate oxidation. Biochemical investigations of the substrate scope of IsfD, and bioinformatics analysis of IsfD homologs, suggest that IsfD is related to the promiscuous 3-hydroxyacid dehydrogenases with diverse metabolic functions.
Introduction
The C2 organosulfonates taurine and isethionate are widespread in the environment, and serve as substrates for the metabolism of diverse bacteria (1).
Taurine is highly abundant in the human body as a major intracellular osmolyte and as a component of taurine-conjugated bile salts in the gut (2) . Isethionate is also present in human tissue, and is thought to originate as a byproduct of taurine nitrogen assimilation by bacteria in the gut (3) .
Although the specific gut bacteria responsible for converting taurine into isethionate have not yet been identified, the pathway for formation of isethionate as a byproduct of taurine nitrogen assimilation has been demonstrated and studied in the environmental bacteria Klebsiella oxytoca TauN1 and Chromohalobacter salexigens DSM3043 ( Figure 1A ) (4) . In this pathway, taurine is imported by a taurine ABC transporter (TauABC), followed by conversion to sulfoacetaldehyde by taurine:oxoglutarate aminotransferase (Toa), generating glutamate as an intermediate for nitrogen assimilation. Sulfoacetaldehyde is then reduced by the NADPH-dependent sulfoacetaldehyde reductase (IsfD) to isethionate, which is exported as a waste product by the putative isethionate exporter (IsfE). In both K. oxytoca and C. salexigens, genes involved in this pathway are organized in defined gene clusters( Figure 1B ).
The isethionate-forming enzyme IsfD has the potential to serve as a marker for the discovery of new isethionate-producing bacteria. IsfD belongs to the SDR family (Pfam PF00106), one of the largest enzyme families, with 152,101 sequences deposited into the EMBL-EBI database to date. The SDR family includes enzymes catalysing a broad range of reactions, most commonly NAD(P)H-dependent oxidoreductases (5) . These include the insect alcohol dehydrogenase, 3-oxoacyl-(acyl-carrier-protein) reductase, and 3-hydroxyacid dehydrogenases, etc.
The structures of SDRs have been extensively studied (5) . Highly conserved structural features of NAD(P)H-dependent oxidoreductases in the SDR family include a Rossmann fold motif for nucleotide binding, and an Asn-Ser-Tyr-Lys catalytic tetrad in the active site. A special characteristic of the SDR family is that members with highly divergent primary sequences may share a similar 3D structure and even catalytic activity. Therefore a detailed understanding of the structural requirements for substrate binding and catalysis is required for the identification of candidate enzymes sharing the same reactivity as IsfD.
In this study, we determined the crystal structure of recombinantly produced IsfD from K. oxytoca TauN1, in complex with NADPH and isethionate at atomic resolution.
We identified the residues required for nucleotide and sulfonate binding by site-directed mutagenesis. We further investigated the substrate scope of IsfD, and found its similarity to that of the promiscuous 3-hydroxyacid dehydrogenases. The presence of IsfD homologs in taurine-related gene clusters is also discussed.
Materials and Methods

General
Lysogeny Broth (LB) medium was purchased from Oxoid Limited (Hampshire, UK). Water used in this work was ultrapure deionized water from Millipore Direct-Q.
Acetonitrile was purchased from Concord Technology (Minnesota, USA). Formic acid was purchased from Merck (New Jersey, USA). Oligonucleotide primers were synthesized by TSINGKE Biological Technology. TALON resins were purchased from Clontech Laboratories Inc. (California, USA). All protein purification chromatographic experiments were performed on an ÄKTA pure FPLC system (GE Healthcare, USA). Isethionate was purchased from Sigma-Aldrich. NAD(P)H and NAD(P) + were purchased from Solarbio (Beijing, China).
Gene syntheses and cloning
The codon-optimized gene fragment of K. oxytoca TauN1 isfD (Encoded protein Uniprot D3U1D9) was synthesized by General Biosystems Inc. (Anhui, China), and inserted into pET-28a-HMT vector (6) at the SspI restriction site, using the Gibson Assembly® cloning protocol (7) (New England Biolabs (NEB), Ipwich, MA, USA).
The resulting plasmid HMT-IsfD contains in tandem: a His 6 -tag, maltose binding protein (MBP), and a TEV protease cleavage site, followed by the construct of interest and was verified by sequencing.
Expression and purification of IsfD
E. coli BL21 (DE3) cells (NEB) were transformed with the plasmid HMT-IsfD, and plated on LB agar supplemented with 50 μg/mL kanamycin. Transformants were grown in LB medium (typically 1 L in a 2.6 L flask) at 37 °C in a shaking incubator at 220 rpm. When OD 600 reached∼0.8, the temperature was decreased to 18 °C and isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM to induce the production of the protein. After 16 h, cells were harvested by centrifugation (8000 × g for 10 min at 4 °C).
Typically Cells (~8 g wet weight, roughly from 2 L culture) were resuspended in 40 mL of lysis buffer [50 mM Tris-HCl, pH 8.0, 1 mM phenylmethanesulfonyl fluoride, 0.2 mg/mL lysozyme, 0.03% Triton X-100, and 0.02 mg/mL DNase I]. The cell suspension was frozen in a −80 °C freezer, and then thawed and incubated in a 25 °C water bath for 30 mins to allow for cell lysis. 8 mL of 6% streptomycin sulfate (dissolved in water) was added to the cell lysate followed by gentle mixing and then centrifugation (20,000 × g for 10 min at 4 °C). The supernatant was filtered through a 0.22 μm filter and loaded onto a 10 mL TALON cobalt column pre-equilibrated with buffer A (20 mM Tris-HCl, pH 7.5, and 5 mM β-mercaptoethanol (BME), and 0. The concentration of purified IsfD was calculated from its absorption at 280 nm (ԑ 280nm = 29450 M -1 cm -1 ), measured using a NANODROP ONE (Thermo SCIENTIFIC).
Determination of the oligomeric state of IsfD
A 5 mg/mL solution of IsfD was analyzed by gel filtration as described above. (Sigma MWGF 1000-1KT). The molecular weight of IsfD was calculated from its elution volume, using a second-degree polynomial for the relationship between log(molecular weight) and retention time.
Determination of melting temperature of IsfD
IsfD melting curves were measured using fluorescence based thermal shift assays 
Site-directed mutagenesis
Twelve single amino acid point mutations in the enzyme active site, T13A, R36A, R37A, S141A, I142A, Y148A, Y154A, I186A, F191A, R195A, Q244A, F249A, were introduced by site-directed mutagenesis using primers listed in Table S1, 
One-step chromatographic purification of HMT fusion WT and mutant IsfDs
To assess the effects of point mutations on enzymatic activity, HMT fusions of the WT and mutant enzymes were purified using TALON cobalt affinity chromatography. 200 mL cell cultures were induced for HMT-IsfD WT and mutant protein production. The proteins were purified as described above, except that instead of using dialysis to remove imidazole, the eluate from the cobalt column was precipitated with ammonium sulfate followed by buffer exchange into buffer C using a G25 column. The HMT-IsfD fusion proteins used for enzymatic assays, including wild type (WT) and mutants, were less pure due to a simplified one-step chromatographic purification protocol (estimated >80% by gel analyses). Their concentrations were determined using the Bradford method, on a Tecan M200 plate reader with BSA as standard.
Enzyme activity assays and kinetic analyses
In a typical assay, 50 mM 3- ( 
LC-MS detection of sulfoacetaldehyde formation
The sulfoacetaldehyde product was detected by derivatization with 2,4-dinitrophenylhydrazine (DNPH) (J&K, Beijing, China) (9) . integrated and scaled using HKL3000 suite (10). Molecular replacement was performed by PHENIX (11) using 2NWQ as a search model. The structure was manually built according to the modified experimental electron density using Coot (12) and further refined by PHENIX (11) in iterative cycles. The statistics for data collection and final refinement are presented in Table 1 . All structural figures were generated using UCSF Chimera (13) . The atomic coordinates and structure factor amplitudes (accession code 6IXJ) have been deposited into the PDB (http://wwpdb.org).
Sequence alignments
MUSCLE (14) was used to construct multiple sequence alignments. Sequence logos were plotted using WebLogo (15) .
Results
IsfD is a tetramer in solution:
IsfD was purified to near homogeneity through multiple chromatographic steps. The purified protein was examined on a 12% SDS gel ( Figure 2A ). The gel filtration elution profile of purified IsfD shows a single symmetric peak centered at 201 mL ( Figure 2B ). The observed molecular weight for IsfD was 101 kDa, whereas the calculated molecular weight for IsfD monomer is 27
kDa. This suggests that IsfD exists as a tetramer in solution, which is consistent with the oligomeric state of many other SDR enzymes (5, 16) . The spectrophotometric assay monitoring NADPH formation was used to measure the kinetic parameters of the reverse reaction ( Figure S1 ), which were compared to the parameters reported in the literature (4) for the forward reaction in Table 2 . The k cat /K M for the sulfoacetaldehyde reduction is 1000 fold higher than that of the reverse isethionate oxidation, whereas the K M for the nucleotide substrates in both directions are in the same order of magnitude. (19, 20) . Figure 4C shows the structure-based sequence alignments of IsfD with these four SDR enzymes.
Crystal
The sequence identities between IsfD and 3ASV, 2JAH, 3RKU, 3AY6 are 48.6%, 36.0%, 37.7%, and 22.7% respectively.
The conformation of the C-terminal tail formed by β8 and β9 strands differs widely between these five structures ( Figure 5 ). β8-β9 of IsfD protrudes away from the core structure and forms an anti-parallel β-sheet with the C-terminal tail from the diagonal subunit ( Figure 4A ). Such C-terminal cross-interactions vary among different SDR family members ( Figure 5 ). IsfD has the most extensive cross-interaction between the diagonal subunits with a buried surface of 2570 Å 2 . In contrast, the interaction is reduced in other SDRs (2230, 2200, 146 and 79 Å 2 for 3AY6, 3ASV, 3RKU, 2JAH in Figure 5A ). The significance of this interaction will be discussed later.
Nucleotide substrate specificity:
The electron density is well defined for NADPH and the coordinating residues, showing that the side chains of T13, R36, R37 form hydrogen bond interactions with the 2'-phosphate group of NADPH ( Figure 6 ). The two arginine residues have been previously shown conserved in some other SDR enzymes contributing to the substrate specificity of NADP(H) over NAD(H) (21) . We further demonstrated the involvement of a T/S residue. SDR enzymes that can use
both NAD(H) and NADP(H) lack this T(S)RR motif.
The active site structure: The bound isethionate is oriented with its hydroxyl group facing the tyrosine residue of the catalytic tetrad (Y154) and its sulfonate group forming hydrogen bond network with Y148, R195, Q244 and a water molecule. The side chains of I142, I186 and F191 further stabilize the conformation of the substrate through hydrophobic interactions ( Figure 6 ). The active site structure is consistent with the proposed mechanism general to SDR oxidoreductase, involving deprontonation of the hydroxyl group by the tyrosine residue of the catalytic tetrad (Y154), and a hydride transfer from the substrate to the C4 position of the nicotinamide ring ( Figure 6 ) (16).
A striking feature of the IsfD structure is that its C-terminal tail protrudes away from the diagonal subunit and constitutes part of the isethionate-binding site. The
isethionate-bound complex structure shows a detailed picture how this diagonal C-terminal tail interacts with the substrate. The F249 from the diagonal subunit is in close van der Waals contact with I142, meanwhile it pushes the side chain of Y148 towards the substrate-binding site to position it in an orientation ready to form hydrogen bond with the sulfonate group of isethionate.
Most of the SDR members do not exhibit such C-terminal tail cross-interaction from the diagonal subunit with a few exceptions. Figure 5 shows some representative C-terminal tail interactions within the SDR homotetramers. IsfD shows the most extensive cross interactions ( Figure 5A and 5B). The glucose-1 dehydrogenase showing the second largest cross interactions, is unique in that its C-terminal carboxylate group interacts with the substrate from the diagonal active site ( Figure   5B ). Interestingly, a previously annotated E. coli serine dehydrogenase, YdfG, which was later found a malonic semialdehyde reductase (22) showed a similar C-terminal interaction as IsfD ( Figure 5B ). The substrate is absent in this structure, but a phosphate anion likely from the crystallization buffer is present in the active site instead (18) . A yeast SDR member, exhibiting serine dehydrogenase activity in vitro but with unknown physiological function shows a distinct C-terminal structure ( Figure 5B ). Pro261in the middle of its C-terminal tail forms a kink and makes the second half of the tail folding back to interact with the active site of the same subunit.
Finally, the clavulanic acid dehydrogenase contains a shorter C-terminal tail, which forms a parallel β-sheet with the β-strand from the tail of the neighbouring subunit ( Figure 5B ).
Site-directed mutagenesis: Based on our crystal structure, mutations predicted to affect nucleotide interaction, substrate interaction and catalysis were subjected to activity assays, and their activities were compared to that of the wild type protein.
Relative activities of these mutant enzymes are summarized in Table 3 . Enzymatic activity was almost completely abolished in all the mutants except for I142A and I186A, which retained about 30% of the WT activity.
To investigate the conservation of the active-site residues, we examined the 2400
IsfD homologs in the UniRef cluster UniRef50_Q9KWN1, where each member shares ≥ 50% sequence identity and ≥ 80% overlap with the seed sequence of the cluster (23) . Sequence alignments showed that the key residues for substrate and nucleotide binding, are conserved in this cluster ( Figure 7A) , consistent with the mutagenesis data. This suggests a similar substrate scope for enzymes in this cluster. The IsfD homologs were represented pictorially in the form of a sequence similarity network (SSN, Figure S2 ) (25) , constructed using the web-based EFI enzyme similarity tool, and plotted using Cytoscape (26) . Representative gene clusters are shown in Figure 7B . ) and compared (Table 4) .
Discussion
IsfD is the first member of the diverse group of 3-hydroxyacid dehydrogenases to be crystallized with a substrate/product bound in its active site. The most striking feature of IsfD in complex with both NADPH and isethionate is the cross-interaction of the C-terminal tails with the diagonal subunits, which constitutes part of the active site. This C-terminal interaction was also observed in the crystal structure of E. coli Though the in vivo function of YdfG is not fully understood, one of its functions is thought to be as a malonic semialdehyde reductase (27) , for detoxification of malonic semialdehyde produced in the RUT pyrimidine degradation pathway, forming 3-hydroxypropionate as a product ( Figure S4 ).
Our work provides a basis for further investigations of the prevalence of microbial pathways for taurine and isethionate metabolism, which are important intermediates in sulfur metabolism in the human gut. Considering the structural similarity between isethionate and 3-hydroxypropionate, we hypothesize that the ubiquitous 3-hydroxyacid dehydrogenases are readily co-opted into pathways for isethionate formation, and further investigation may lead to the discovery of new isethionate-forming bacteria. Figure S2 . Sequence similarity network for IsfD homologs. 2400 sequences in the UniRef cluster UniRef50_Q9KWN1 containing K. oxytoca IsfD were analyzed. The E-value threshold was adjusted to 10-90 (>∼57% sequence identity is required to draw an edge). Nodes in the genome neighborhood containing an aminotransferase (PF00202), within a 10 ORF window, are colored (red, putative Toa; green, putative Tpa; blue, unknown aminotransferase). Previously studied sequences annotated in SwissProt are labelled. 
